The promising properties of torrefied biomass provide a valid co-firing option for large 11 percentage biomass utilization in existing coal-fired boilers. Torrefied biomass is expected 12 to have a better combustion stability than raw biomass and similar to that of coal. The 13 present work will characterizes the oxidation properties of torrefied biomass char and 14 compare with that of raw biomass char. The studied two chars are produced from both raw 15 and torrefied biomass in an Isothermal Plug Flow Reactor (IPFR) at high temperature and 16 heating rate, a sufficient residence time is applied for the completion of the high 17 temperature devolatilization. Char oxidation tests are carried out in the IPFR by varying 18 temperature, oxygen concentration and residence time. The reactivity of two studied chars 19 are analyzed and compared with referenced biomass char and coal char, and the impact of 20 torrefaction on char is discussed in this paper. Finally, the char oxidation kinetic parameters 21 are determined using a parameter optimization method, and the obtained kinetics are 22 examined by comparing the experimental and predicted mass conversions. 23 24
Introduction 27
The handling and combustion characteristics of biomass can be substantially improved 28 through torrefaction [1] . The promising properties of torrefied biomass provide a co-29 utilization option incorporating large percentage biomass co-firing ratio in existing coal-30 fired boilers without major modifications. Accordingly, a torrefaction based co-firing 31 system in pulverized coal boilers has been proposed toward the goal of a 100% fuel 32 switch [2] . 33
When the biomass particles enter a pulverized fuel flame, they are rapidly heated to a final 34 temperature in the range of 1400 to 1600°C at a rate of about 10 4 °C /s [3] . The study of 35 the char oxidation kinetics of biomass obtained at the high temperatures and heating rates 36 is very limited. Lin et al. [4] proposed an aerosol-based method to characterize particles 37 fragmented from biomass chars during oxidation at high temperatures, and the oxidation 38 of char particles in the reactor was investigated by determining on-line the particle size 39 distributions before and after the passage through the reactor. Campbell et al. [5] 40 characterized coal and biomass char at high temperatures using a heterogeneous reaction 41 mechanism that not only describes the variations in char reactivity with conversion at low 42 temperatures but also predicts high enough reaction rates at high temperatures to yield the 43 mass loss rates observed in a laminar flow reactor, their results indicate that the char 44 intrinsic reactivity decreases progressively during oxidation at high temperatures. Jiménez et 45 al.
[6] performed devolatilization and combustion experiments of pulverized biomass in an 46 entrained flow reactor under realistic combustion conditions, to derive the kinetic 47 4 pyrolysis (in a drop tube reactor) were more reactive versus oxidation than chars produced 76 in milder conditions (in thermogravimetric balance). In this study, two char samples were 77 previously produced from both raw palm kernel shells (PKS) and torrefied PKS in an 78
Isothermal Plug Flow Reactor (IPFR) under an almost oxygen-free atmosphere and a 79 sufficient residence time, to guarantee the completion of the high temperature 80 devolatilization. Finally, the char samples were tested in the IPFR by varying reactor 81 temperature, oxygen concentration and residence time to study the biomass char oxidation 82 behavior before and after torrefaction, and determine the char oxidation kinetics of 83 torrefied biomass in combustion conditions that similar to those of full size power plants. 84 85
Fuel and Methods 86

Fuel preparation 87
Two fuels are used in this work, PKS and torrefied biomass. PKS is the studied raw 88 biomass material, abbreviated as RB. The torrefied biomass, abbreviated as TB, is the raw 89 PKS torrefied at 300°C for a residence time of 30 minutes in a horizontal rotary furnace. 90
The proximate and ultimate analyses of those two biomass materials are summarized in 91 Table 1 . More detailed introduction of torrefaction furnace and the studies on the biomass 92 torrefaction tests can be found in previous work [11, 14, 15] , where the yields of torrefied 93 fuels and released gaseous species during torrefaction and the impacts of torrefaction on 94 the biomass devolatilization performances and the biomass flame properties were well 95 addressed. Continue to the previous studies, the char oxidation properties of the torrefied 96 biomass will be characterized in this work and compared to that of raw biomass. 97
<Table 1> 98
A sufficient amount of char is required to perform char combustion tests in the IPFR. In 99 this work, char is produced in the IPFR at 900°C under an almost oxygen-free atmosphere 100 5 and a residence time of 300ms. The proximate and ultimate data of the studied two chars 101 are also listed in Table 1 , the chars of RB-char and TB-char are collected after the designed 102 devolatilization of RB and TB, respectively. It can be noted that the chars still contain a 103 considerable amount of volatiles (between 16% and 21%), but this is significantly lower 104 than their parent biomass fuels (between 50% and 70%). Similarly, the carbon content of 105 biomass char increases and the oxygen content of biomass char decreases with the 106 torrefaction degree. Due to this study is to characterize the char oxidations, the heating 107 values of RB-char and TB-char were not measured via standard calorific value tests, A morphological analysis was also performed on the char samples. As an example, the 148 particle size distribution of the produced RB-char was analyzed, and compared to that of 149 its parent fuel, as shown in Figure 2 . It can be noted that produced char particle sizes are7 smaller than the parent ones, and the particle size distributions of chars produced from 151 torrefied biomass and the parent material show a similar trend. 152 153 <Figure 2 > 154 3. Kinetic determination approach 155
Char combustion model 156
The char combustion rate is controlled by the chemical kinetics and the external diffusion 157 of oxygen. A uniform temperature inside of the particle is assumed due to its micro size. It 158 is suitable to model the char combustion occurring under Regime II condition. The 159 variation of particle mass is described by Eq. (2). 160
Eq.(2) 161
The kinetic constant is expressed in the Arrhenius form, whereas the oxygen diffusion 162 coefficient varies with the temperature according to Eq.(3). 163
Eq.(3) 164
The temperature of the char particle is calculated from the heat balance of the particle. The 165 particles are considered to be spherical, and the change of their diameter during char 166 oxidation is also taken into account according to Eq.(4). 167
Eq. (4) 168
The burning mode is identified by the parameter α, which varies between 0 and 1/3, where 169 = 0 corresponds to a constant particle size with decreasing density (Regime I), and = 170 1/3 corresponds to a decreasing particle size with constant density (Regime III). Since 171 phenomena occurring during the latest stages of combustion are not considered in this 172 study, i.e. char annealing and changes in particle structure, is fixed at 0.25. 173 8 By manipulating Eq.(2), the unknown partial pressure of oxygen at the surface of the 174 particle can be eliminated, and Eq. (5) 18] . Therefore, it is a "single film" model that does not consider secondary 181 reactions occurring around the particle surface. For this reason CO is considered to be the 182 only product of carbon oxidation, even if a not negligible amount of CO 2 should be 183
formed. More detailed discussion on this model and its limitations can be found in [18] . concentration has a considerable effect on the final mass conversion when operating at the 238 same temperature. A similar result was reported from a TGA study on raw and torrefied 239 biomass, aimed at studying their reactivity in air. In this TGA tests, the torrefaction process 240 influences the parameters of the first stage, whereas those corresponding to the second 241 remained unaffected [9] . This is desired, since torrefaction favors the formation of a stable 242 flame during combustion in a pulverized-fuel burner. First, according to the previous work 243 on biomass flame [14] , biomass normally has a wider flame volumes when compared to that 244 of coal, and the volume of biomass flame reduces after torrefaction and similar to coal 245 flames, and therefore a combustion stability can be expected when co-firing torrefied 246 biomass with coal. Additionally, this could be also explained as the change of cellulose 247 structure during the torrefaction process because of the decomposition of hemicellulose, 248 which further influences the char structure formed after high-temperature devolatilization, 249 benefitting a stable combustion. The kinetic parameters of char oxidation for the studied raw and torrefied biofuels, 255 determined by minimizing the differences between modeled and experimental results, are 256 finally presented in Table 3 . It can be noted that the accuracy of the model prediction is 257 acceptable, with a Root Square Mean Error of 4.50% and 8.60% for RB-char and TB-char, 258
respectively. 259 <Table 3> 260
Due to the TB-char oxidation tests were only performed at one temperature 900 ºC, it was 261 not possible to determine the appropriate activation energy, because particle temperatures 262 will not differ in the different experimental runs. Here, the apparent activation energy for 263 TB-char is chosen to be 60 kJ/mol, while the pre-exponential factor and reaction order are 264 determined by same approach. In addition, the oxygen reaction order is significantly higher 265 for TB-char than for RB-char, which agrees with the experimental data that show a more 266 relevant contribution of oxygen to the overall conversion for the former than for the latter 267 biomass char. Accordingly, it is impossible to compare the char reactivity of RB-char and 268 TB-char by the activation energy only, but a good prediction can be expected by applying 269 the determined kinetics. predicted when compared to experimental data. When the temperature rises up to 1200 °C, 296 a good agreement is achieved, although the predicted mass conversion is in a small degree 297 13 lower than the experimental data, and a good prediction for the final mass conversion is 298 obtained. According to the char oxidation model, the oxidation rate is governed by both 299 kinetic and oxygen diffusion. When the operating temperature reaches 1200 °C, the char is 300 combusted under Regime III, in which reaction rate is dominantly controlled by diffusion. 301 
